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Summary
Background: Navigation through the environment requires a
working memory for the chosen target and path integration
facilitating an approach when the target becomes temporarily
hidden. We have previously shown that this visual orientation
memory resides in the ellipsoid body, which is part of the
central complex in the Drosophila brain. Former analysis
of foraging and ignorant mutants have revealed that a
hierarchical PKG and RSKII kinase signaling cascade in a
subset of the ellipsoid-body ring neurons is required for this
type of working memory in flies.
Results: Here we show that mutants in the ellipsoid body
open (ebo) gene, which encodes the actin-binding protein
Exportin 6, exhibit excessive nuclear accumulation of actin
during development and in the adult brain. ebo mutants lack
the orientation memory independent of the structural defect
in the ellipsoid-body neuropil, and EBO activity in any type of
adult ring neurons is sufficient for orientation-memory func-
tion. Moreover, genetic interaction studies revealed that
nuclear actin accumulation in ebo mutants inhibits the
Drosophila coactivator myocardin-related transcription factor
A (dMRTF) and therefore the transcriptional activator serum
response factor (dSRF). dSRF also functions in different ring
neurons, suggesting that it regulates abundance of a diffusible
factor that enables a working memory in ellipsoid-body ring
neurons.
Conclusions: To date, SRF has only been implicated in longer
forms of memory formation like synaptic long-term potentia-
tion and depression. This study provides the first evidence
that SRF-mediated gene regulation is also required for a
working memory that lasts only for a few seconds.
Introduction
The central complex (CX) of the adult fly brain consists of four
compartments that interconnect the protocerebral hemi-
spheres: the protocerebral bridge, the fan-shaped body, the
ellipsoid body (EB), and the ventrally located paired noduli
[1]. The analysis of several Drosophila mutant strains with
structural defects in one or more neuropils of the CX has sug-
gested that the CX represents a higher control center for loco-
motion and orientation behavior. These mutants walk slower
than wild-type flies, have a delayed reaction to changing
stimuli during flight, and show deficits in the orientation
behavior toward landmarks [2–4]. Amajor sensory input region
for external stimuli, especially visual information, appears to
be the ellipsoid body and the fan-shaped body [1], and in larger
insects this includes information on the orientation of polar-
ized light, which is used for navigation [5]. In Drosophila, we*Correspondence: rstrauss@uni-mainz.derecently showed that the protocerebral bridge is required for
step-length control in walking flies and visual targeting during
climbing events [6, 7]. Visual input is also processed in the
fan-shaped body, which mediates visual pattern recognition
to memorize different objects during flight control [8], a func-
tion that has also been attributed to the EB [9, 10]. The EB
also holds a memory trace for the position of landmarks, as
revealed in a Morris water maze-like paradigm for visual place
learning in flies [11, 12]. In addition, the analysis of the ellipsoid
body open (ebo) mutant has shown that the EB is necessary to
establish a visual orientation memory for a vanishing object in
walking Drosophila (detour paradigm) [13].
In this so-called detour paradigm, a fly approaching an
attractive target is lured out of the way by a dark stripe on
one side while simultaneously the original object vanishes
[13]. After the distracting stripe has also been removed, the
fly is left without any visual cue. However, in over 80% of the
cases, wild-type flies use idiothetic information on their past
movements with respect to the original target to resume their
originally intended approach. This type of working memory
lasts about 4 s and must be updated during every turn
the fly takes [13]. Analysis of two Drosophila memory
mutants in ignorant (ign) and foraging (for), which encode the
ribosomal-S6 kinase II (RSKII) and cGMP-dependent protein
kinase (PKG), respectively, revealed that both kinases share
one signaling pathway that is required in a specific type of
EB ring neurons to display an orientation memory [14].
To further elucidate the structural and biochemical compo-
nents that enable the EB to hold an orientation memory, we
now genetically and molecularly analyzed the ebo mutants.
We report that the ebo gene encodes the actin-binding protein
Exportin 6, which is required for the export of globular actin
(G-actin) from the nucleus, thus preventing actin-filament
formation there [15, 16]. Our analysis of the ebo mutant con-
firms these findings because elevated levels of an Actin-GFP
fusion protein can be found in nuclei of the mutant. Interest-
ingly, excessive G-actin has been shown to inhibit themyocar-
din-related transcription factor A in vertebrates (MRTF-A), a
coactivator of the transcriptional regulator serum response
factor (SRF) [17, 18]. Our genetic interaction analysis of ebo
with the Drosophila ortholog of MRTF, as well as rescue ex-
periments of the dSRF mutant blistered (bs), revealed that
elevated levels of nuclear actin in EB neurons and the subse-
quent malfunction of the dMRTF/dSRF transcription regulator
complex prevent the visual orientation memory in flies.
Results
The ebo Gene Encodes the Nuclear Export Receptor
Exportin 6
Four ethyl-methanesulfonate (EMS)-induced, recessive alleles
of the X-chromosomal ebo gene have been isolated on the
basis of their structural defect in the doughnut-shaped EB
neuropil [3, 19]. All ebo mutants show a ventral cleft in the
EB, which most frequently results in a kidney-shaped form of
the EB neuropil (Figure S1 available online) but, depending
on the genetic background, the EB can also appear as a hori-
zontal bar. In the most severe cases, the EB is divided into two
Figure 1. Accumulation of Nuclear Actin in the ebo Mutant
(A) Schematic model of actin transport through the nuclear pore. The
EBO protein complexes with profilin/actin and is exported along the
Ran-GTP/Ran-GDP gradient to the cytoplasm. Ran guanine nucleotide
exchange factor (Ran-GEF) is required for elevated Ran-GTP levels in
the nucleus to drive this export. The Ran GTPase activating protein
(Ran-GAP) on the cytoplasmatic side of the pore promotes complex
dissociation and restores Ran-GDP levels in the cytoplasm for nuclear
import. Ran mediated actin import is facilitated by dephosphorylated
cofilin. Slingshot (ssh) dephosphorylates cofilinwP to its active nonphos-
phorylated form.
(B) Whole-mount preparation of a late-third-instar salivary gland expressing
the Actin-GFP fusion protein (ACT::GFP driven with 189Y-GAL4). In salivary
glands of ebo678mutants, a clear nuclear accumulation of actin is observed,
whereas the GFP signal at the cytoskeleton seems to be slightly reduced
(N = 12 salivary glands). Staining of the nuclei with the DAPI marker is shown
on the right.
(C) In an ebo678/+ heterozygous specimen, the ACT::GFP signal shows a
normal diffuse distribution in the cell and an accumulation at the periphery
of actin (N = 14 salivary glands). The scale bar represents 50mm.
(D) A higher resolution (0.25 mm focal section) reveals chromosomal associ-
ation of Actin-GFP. The actin andDAPI signal complement each other (arrow
pointing at a densely compacted chromatin band), indicating that the
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[3]. Nevertheless, ebo mutants are not impaired in locomotor
activity, walking speed, or the reaction to the distracting stripe
in the detour paradigm (Figure S1). During flight, ebo flies are
able to compensate rotatory visual stimulation (optomotor
response), suggesting a wild-type like visual acuity [2].
To identify the corresponding gene, we performed a genetic
analysis, and ebo could be mapped to the deletion Df(1)
Exel6221 (1B4;1B8) [19]. Complementation analysis with an
available transposon insertion line (eboEY) established that
ebo is allelic to the Exportin 6 gene (Exp6; Figure S1). Further-
more, western blot analysis using a polyclonal serum raised
against Drosophila Exp6 [15] revealed that eboKS263 and
ebo678 might represent protein-null alleles, whereas the
eboEY insertion line weakly expresses an approximately
10 kDa shorter protein (Figure S1). Unfortunately, the serum
displayed extensive cross reactivity in any histological proce-
dure tested and could not be used for immunohistochemical
studies.
Loss of ebo Function Results in Nuclear Accumulation
of Actin
Several studies in different cell biological models have
established that, despite its relatively low molecular weight
of w43 kDa, actin is actively transported through the nuclear
pore. Both nuclear import and export of actin depend on a
Ran-GTP/Ran-GDP gradient between the nucleus and the
cytoplasm [20]. Whereas the import into the nucleus is pro-
moted by binding of actin to dephosphorylated cofilin, export
from the nucleus appears to be achieved by binding to profilin
(Figure 1A). In addition, nuclear export of actin requires the
formation of a complex that includes EXP6/EBO [15, 16].
Based on these findings, we investigated whether elevated
levels of actin can be found in the nuclei of ebomutant tissues.
For these experiments, we used polytene salivary gland cells
of third-instar larvae, which are especially suitable due to their
large size and their identifiable chromosomes. We expressed
an Actin-GFP fusion protein [21] in the wild-type and ebo678
mutant background using the 189Y-GAL4 driver line, which
induces GAL4 expression in salivary gland cells (like most of
the other P{GawB} insertion lines [22]).
As expected, we detected elevated levels of Actin-GFP in
the nuclei (colabeled with the DNA-specific fluorescent marker
DAPI) of ebo678/Y mutant gland cells (Figure 1B). In contrast,
Actin-GFP was more evenly distributed, with a slightly higher
concentration at the cytoplasm membrane in cells from their
heterozygous littermates (ebo678/+; Figure 1C). Higher-resolu-
tion micrographs revealed that in the mutant Actin-GFP was
preferentially attached to the polytene chromosomes but
was excluded from the nucleoli, the active site of ribosomal
RNA transcription (asterisks in Figure 1D). More specifically,
Actin-GFP was located at the transcriptionally active chro-
matin interbands and almost completely excluded from the
densely packed, DAPI-labeled chromatin bands (arrow in
Figure 1D). The latter finding is in agreement with studies on
nuclear actin distribution in polytene nuclei of salivary glands
of another Dipteran, Chironomus tentans. In this species,excessive actin preferentially localizes to transcriptionally active inter-
bands. Note that actin is excluded from the nucleoli (asterisk).
(E) At a higher resolution (0.25 mm focal section), a very weak and diffuse
Actin-GFP signal is visible in a nucleus of ebo678/+ heterozygous salivary
glands. The scale bar represents 10mm.
See also Figure S1.
Figure 2. Differential cDNA Rescue in the Ring Neurons of the EB
(A) ebo678mutants and ebo678 UAS-ebo flies were crossed with the indicated GAL4 driver lines and tested in the detour paradigm for their visual orientation
memory. All driver lines that induce expression in at least one type of ring neurons rescued the ebomutant phenotype to wild-type levels (indicated as n.s.
above the box blots). Significances below the blots indicate statistical difference from the wild-type. Note that the c232 driver only rescues when two copies
of the UAS-ebo transgenes are present (N = 10–21). Due to the so-called turn compensation, the level of random choices lies at 58% (dashed line), because
after a fly has turned to its right, there is a higher possibility for a following left turn. The boxes denote the 25% and 75% quartiles, and whiskers express 5%
and 95% quantiles. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001. For multiple comparisons, a two-tailed Kruskal-Wallis test was used. For
comparison to the chance level, a Shapiro-Wilk test for normal distribution followed by one-sample t test and sign test, respectively, was used. See
Table S1 for all statistical and histological data.
(B and C) Optical sections (0.33 mm) through the EBs of two ebomutant flies expressing EBO andmCD8::GFP in the R3 neurons; (B) displays awild-type like,
and (C) displays a defective EB neuropil. ltr, lateral triangles. The scale bar represents 20mm.
See also Figure S2 and Table S1.
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RNAs via binding to heterogeneous nuclear ribonucleopro-
teins [23]. This interaction is not confined to insect polytene
chromosomes, and actin association with RNA polymerase
and chromatin remodeling complexes has been observed in
several studies, including studies using mammalian cells [20].
EBO Function Is Redundant in Ring Neurons
Studies in various model systems have shown that dynamic
actin-filament polymerization and depolymerization at the
growth cone of navigating axons is crucial for neuronal con-
nectivity. Guidance receptors sense attractive and repulsive
cues from the environment, and subsequent signaling path-
ways induce changes in the actin cytoskeleton that lead to
filopodia expansion or collapse at the tip of the growth cone
[24]. Therefore, the structural defect in the EB neuropil of
ebo mutants could be easily explained by axonal pathfinding
errors during pupal development of the adult brain. Most likely,
ventral branches of the outgrowing EB neurons are not able to
cross the midline, resulting in the most severe cases in two
separate EBs. Interestingly, an ebo-like phenotype is also
seen in mutants for the Drosophila gene ciboulot (cib; Fig-
ure S1), where ventral fibers of the EB are not able to extent
past the ventral midline [25]. Moreover, like ebo flies, these
mutants do not possess an orientation memory. cib is ex-
pressed in the EB during pupal development [25] and very
weakly in the adult ring neurons (Figure S1). cib encodes a
fly homolog to the actin-binding protein b-thymosin and pro-
motes F-actin polymerization in flies. These findings could
indicate that accumulation of nuclear actin in the ebo mutant
interferes with F-actin polymerization at the growth cone.
However, genetic interaction analysis of these two X-chromo-
somal mutants did not reveal behavioral or morphological
defects in double-heterozygous ebo678 +/+ cibP1 flies (data
not shown).
To address the question of in which type of EB neurons
ebo gene function is required, we performed differentialcomplementary DNA (cDNA)-rescue experiments in the
ebo678 mutant using the UAS/GAL4 system [26]. Based on a
study using several GAL4 enhancer trap lines that drive
expression in EB ring neurons, these can be subdivided into
four distinct groups named R1 to R4. The latter can further
be subdivided into R4 medial and R4 distal according to their
position in the EB [27]. Our previous rescue experiments with
the ign58/1 and fors mutants, which have the same behavioral
phenotype as ebo, revealed that IGN and FOR are required
in ring neurons R3/R4d and R3, respectively [13, 14]. However,
induction of UAS-ebo in ebo678 flies with the c232 driver line
(expressed in R3/R4d [27, 28]) did not result in a rescue of
the memory loss compared to ebo678 alone or a negative con-
trol using the Or83b driver (which is expressed exclusively in
odor receptor neurons [29, 30]; Figure 2A). We therefore tested
the c305a driver line, which induces expression in R2 and R4d
(Figure S2) [31]. Indeed, c305a-driven ebo expression in the
mutant background could rescue the orientation memory to
wild-type levels, suggesting that R2 neurons require EBO
function (Figure 2A). To support this conclusion, we employed
driver lines that express only in one type of EB ring neurons;
198Y drives GAL4 expression in R1 [27] and 189Y in R3 neu-
rons [14, 27]. EB1 induces expression only in R2 neurons [32,
33], ftz-ng in R4 [14, 34] (Figure S2), and a19 only in R4m neu-
rons [34]. Remarkably, all of these drivers could significantly
rescue the behavioral phenotype of ebo. Therefore, we
conclude that ring neurons are redundant in their requirement
of EBO function and that expression in one type is sufficient for
the orientationmemory. The initial failure of the c232 driver line
to rescue ebo appears to be due to its weak expression levels,
because driving two copies of UAS-ebo with this driver did
result in a rescue of the mutant phenotype (Figure 2A).
Surprisingly, the histological analysis of ebo mutant flies,
within which we had restored EBO expression in the R neu-
rons, revealed that the behavioral rescue did not correlate
with the structural phenotype in the EB (e.g., 189Y-driven
EBO expression in Figures 2B and 2C). Similar results were
Figure 3. EBO Function in Orientation Memory Is Only Required in the Adult Ring Neurons Independent of Their Neurotransmitter Signature
(A) ebo678 UAS-ebo; hsp70-GAL4/+ flies were reared at either 25C or 18C and tested for their orientation memory in the detour paradigm. The latter ones
were then shifted to the higher temperature overnight and tested again (‘‘18>25C’’). In comparison to wild-type flies, only rescue flies that were adapted to
25C show visual orientationmemory. Rescue flies that were reared at 25C and then down-shifted to 18C for 72 hr lose their orientationmemory during this
short time period (‘‘25>18C’’; Mann-Whitney rank-sum tests and Wilcoxon signed-rank test; N = 12–15 for all genotypes).
(B) Two of the driver lines that were able to rescue the behavioral deficit in different ring neurons, 189Y (R3) and c305a (R2/R4d), were tested in combination
with a transgene that ubiquitously expresses the temperature-sensitive GAL4 repressor GAL80 (Tub-GAL80ts). The rescue could only be achieved after an
overnight shift to the permissive temperature of 25C. Rearing temperature did not influence the orientation memory in wild-type flies (paired two-sample t
test; N = 12 for all genotypes).
(C) Expression of ebo in cholinergic neurons (Cha-GAL4) is sufficient to rescue the orientation memory compared to chance levels (indicated above the box
blots) and was not significantly different from wild-type (indicated below). Whereas GAD1-GAL4 driven expression using only one copy of the UAS-ebo
transgene was not sufficient to rescue the ebo phenotype, addition of a second transgene reverted the behavior deficit to wild-type levels. Cha-GAL4
expression ofmCD8::GFP in the ebomutant background served as negative control (two-tailed Kruskal-Wallis test; N = 12–16;WT data are identical to those
in Figure 4A).
Boxes denote 25%and 75%quartiles, andwhiskers express 5%and 95%quantiles. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001. See also Table S1.
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S1), which suggests that the connectivity of the ring neurons
is still intact, even if the shape of the EB neuropil is distorted.
Furthermore, the separation of the structural and behavioral
defects indicates that EBO may only be required in the adult
brain for a functional orientation memory.
The Orientation Memory Requires EBO Function Only
in the Adult
To assess the time point at which EBO must be expressed for
an intact orientation memory, we performed a temperature-
shift experiment using the hsp70-GAL4 driver line. ebo678/Y
UAS-ebo; hsp70-GAL4/III flies that were reared at 25C had
a wild-type like behavior (‘‘25C,’’ Figure 3A) and in most
cases also an intact EB neuropil. However, when these flies
were raised at the restrictive temperature of 18C and tested
in the detour paradigm after a short period (5 min) of adapta-
tion to room temperature, these flies did not show any orien-
tation memory (‘‘18C,’’ Figure 3A). The same animals were
then shifted to 25C and tested again the next day. This
time they displayed a robust orientation memory not different
from that of the wild-type (‘‘18>25C,’’ Figure 3A). In this
group, four out of ten flies showed the structural ebo pheno-
type after sectioning. Finally, we performed the opposite
experiment to confirm that EBO function in orientation
memory is only required in the adult fly. For this experiment,
hsp70 rescue flies were raised at 25C and shortly after eclo-
sion were transferred to the restrictive temperature of 18C for
72 hr. After adaptation to room temperature, the flies were
tested in the detour paradigm, which showed that they had
lost their ability to form an orientation memory after 3 days
without ebo expression (‘‘25>18C,’’ Figure 3A). The subse-
quent histological analysis (see Table S1) revealed that
some of flies had a defective EB, again supporting theconclusion that structural and behavioral ebo phenotypes
are unrelated.
To specify that the adult EBO function in EB ring neurons is
sufficient to restore behavior, we conducted similar shift
experiments using a ubiquitously expressed, temperature-
sensitive variant of the GAL4 repressor GAL80 (Tub-GAL80ts)
[35]. ebo678 UAS-ebo females were crossed to 189Y; Tub-
GAL80ts (expresses in R3) or c305a; Tub-GAL80ts (expresses
in R2/R4d) males, and their progeny were raised at 18C
(preventing GAL4 activity). These flies were then tested after
adaptation to room temperature and were compared with
wild-type controls (‘‘WT 18C,’’ Figure 3B). The cold-reared
flies displayed no orientation memory because the GAL80-
mediated repression prevented the rescue of the behavioral
ebo phenotype (Figure 3B). When the same flies were retested
after an overnight incubation at 25C (i.e., inhibition of GAL80
repressor function), both driver lines were able to rescue the
behavior of the ebo mutant. This confirmed that EBO function
just in the adult ring neurons of the EB is sufficient to enable the
visual orientation memory function.
Both the inhibiting GABA and the activating acetylcholine
neurotransmitter have been localized to R4 ring neurons of
the EB [36–39]. Therefore, we next asked whether EBO func-
tion is only necessary in one of these subpopulations for orien-
tation memory. As shown in Figure 3C, ebo expression via the
cholinergic Cha-GAL4 [36, 40] driver line rescued the behav-
ioral defect to full extent and the same result was obtained
when two copies of the UAS-ebo transgene were driven via
the GABAergic driver line GAD1-GAL4 [30, 41]. Therefore,
ebo function inwild-type behavior is independent of the neuro-
transmitter system used by the ring neurons. Similarly, both
drivers could also rescue the structural phenotype because
the histological analysis showed that most of the tested flies
revealed a wild-type like EB morphology (Table S1).
Figure 4. Actin Accumulation in Cell Bodies of the EB Ring Neurons
(A–C) Micrographs of a wild-type brain that expresses the Actin-GFP fusion protein (ACT::GFP) under the control of the c232 driver line in ring neurons R3
and R4d. DAPI labeling was used to mark the nuclei.
(A) Total z projection of the GFP signal from the EB neuropil and the cortex area, where the cell bodies of the ring neurons (cb) are located. In addition, the
dendritic lateral triangles (ltr) of the ring neurons are indicated. The scale bar represents 50 mm.
(B and C) A single focal section (0.76 mm) in the cortex area (e.g., box in A) shows that most of the actin signal is localized to the cytoskeleton at the plasma
membrane, whereas only minor levels are detected in the nuclei (labeled by DAPI in the merged image in C). The scale bar represents 10 mm.
(D) Total z projection of the GFP signal from an ebo678 mutant brain. Note the kidney-shaped appearance of the EB neuropil.
(E and F) The focal section (0.76 mm) from the area boxed in (D) reveals an even distribution of ACT::GFP in the ring-neuron cell bodies in the ebomutant and
less at the plasma membrane. Only the nucleoli are excluded from the accumulation of actin in the nucleus (white asterisks). The Actin-GFP ratio between
nucleus and the whole cell was evaluated as average pixel intensity using the LAS AF Lite software. A significant increase was measured in the mutant
(ebo678/Y mean = 1.33 6 0.13) when compared to controls (ebo678/+ mean = 0.59 6 0.11; t test p < 0.001; 15 cells from three brains each).
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Required for Orientation Memory
Actin localization in the nucleus has been associatedwith tran-
scriptional activity, and nuclear actin has been shown to inhibit
the SFR transcription regulator complex by binding to the
coactivator MRTF [17]. In neurons, this complex regulates
activity-driven gene expression involved in cell migration,
axonal pathfinding, neurite outgrowth, and differentiation of
axons and dendrites, all processes that require dynamic
changes of the cytoskeleton [42]. Moreover, CA1 pyramidal
neurons of the hippocampus in mice that lack SRF activity
show attenuation of synaptic long-term potentiation [43].
Forebrain-restricted SRF-deficient mice (i.e., including the
hippocampus) are impaired in an immediate memory for novel
context, and therefore these animals are not able to learn an
associative spatial task. This behavioral deficit was associated
with an impaired induction of long-term synaptic depression in
the hippocampus [44]. In Drosophila, mutants for the SRF
ortholog blistered (bs) lack the experience-induced extension
of daytime sleep that is required to consolidate long-term
memory. bs is expressed throughout the adult brain, and
social enrichment of the fly’s environment leads to elevated
bs transcription levels. The requirement for BS in neuronal
cells seems to be highly dose sensitive because heterozygous
mutants for hypomorphic bs alleles displayed the sleep deficit
[45]. Although this study concerned long-term effects of
memory formation and consolidation, we nevertheless asked
whether dSRF is involved in visual orientation memory.
First, we established that actin accumulation is also
observed in adult R3/R4d ring neurons of the ebo mutant.Whereas the overall distribution of the ACT::GFP signal was
not different betweenwild-type (Figure 4A) and ebo (Figure 4D)
neurons, a higher magnification of the neuronal cell bodies
revealed nuclear accumulation of the Actin-GFP fusion protein
in the mutant (Figures 4E and 4F) when compared to wild-type
nuclei (Figures 4B and 4C). We then analyzed dSRFmutants in
the detour paradigm, and flies heterozygous for the hypomor-
phic allele bs2 or bs1348 displayed a significant loss of orienta-
tion memory, as did transheterozygous bs2/bs1348 flies. In
contrast to ebo mutants, however, there were no detectable
morphological changes in the EB neuropil (Figure S3) or in
other parts of the adult brain. To assess whether bs function
is needed in the ring neurons of the EB, we performed rescue
crosses using driver lines for the different types of ring
neurons. Like EBO, the dSRF function is redundant in the
EB, because the bs behavioral phenotype could be rescued
by expression in either R1, R2, or R3/R4d neurons (Figure 5B).
Next we hypothesized that actin-mediated inhibition of
dMRTF (Figure 6A) in the ebo mutant could lead to loss of
dSRF function and therefore to lack of an orientation memory.
Null mutants for the encoding geneMrtf (Mrtfko) [46] are homo-
zygous lethal, and heterozygous flies could not be evaluated
for their orientation memory because they were not able to
make decisions after being distracted in the detour paradigm.
In general, Mrtfko/+ flies only poorly tracked landmarks in our
assay. Therefore, we used the hypomorphic MrtfD7 allele of
the gene that carries a deletion of the first coding exon ob-
tained by a P element jump-out mutagenesis [47]. Heterozy-
gous flies for this allele were perfectly wild-type in the detour
paradigm and no structural damage of the EB could be found
Figure 5. Expression of the Drosophila Serum Response Factor (dSRF/blistered) in Ring Neurons of the EB restores the Orientation Memory of blistered
Mutants
(A) Schematic drawing of the function of EBO in regulating the serum response factor. Altered actin homeostasis between monomeric G-actin and filamen-
tous F-actin in the cytoplasm prevents nuclear import of dMRFTwhen G-actin levels rise in the cytoplasm. In addition, actin binding to dMTRF(inact) inhibits
the activation of the dSRF transcription factor. In the ebomutant, actin export is prevented and the increase in nuclear actin results in inhibition of dMTRF.
Therefore, dMRTF(act) is no longer available to induce dSRF/bs-regulated transcription of downstream targets.
(B) Behavioral analysis ofmutants for theDrosophilaSRFgene blistered (bs). Both heterozygous (sp2 bs2/+;bs1348/+) and transheterozygous (sp2 bs2/bs1348)
flies do not display an orientation memory compared to wild-type flies (indicated above; two-tailed Kruskal-Wallis test; N = 16 for all genotypes; sp2
represents a recessive marker allele affecting body color). All mutants were statistically at chance levels (indicated below the box plots). On the left side,
rescue experiments of bs2 heterozygous mutants with dSRF expression in the ring neurons R1 (c105, [27]), R2 (EB1), or R3/R4d (c232) are presented.
sp2 bs2/II; UAS-bs/III served as negative control (N = 16 for all genotypes). dSRF/bs expression using theR4-specific driver ftz-ng induced general locomotor
and orientation deficits in sp2 bs2/+ or wild-type background. Therefore, these rescue flies could not be tested in the detour paradigm to assess the role
of dSRF in R4 neurons. Boxes denote 25% and 75% quartiles, and whiskers express 5% and 95% quantiles. n.s., not significant; *p < 0.05; **p < 0.01;
***p < 0.001.
See also Figure S3 and Table S1.
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ventral indentation in the EB neuropil (Figure 6B), but although
these flies showed a reduced orientation memory, they were
not significantly different from wild-type flies (Figure 6A).
Nevertheless, we investigated whether we could find a genetic
interaction between ebo and Mrtf. Double-heterozygous
ebo678/+; MrtfD7/+ flies did not have an orientation memory
when compared with wild-type flies (Figure 6A). Interestingly,
this memory loss was not accompanied by a visible defect in
the EB neuropil (Figure 6B). Taken together, the ring-neuron
specific rescue of the memory loss of the bs mutant and
the genetic interaction in double-heterozygous ebo678/+;
MrtfD7/+ flies, which leads to memory loss, provides the basis
for the model (Figure 5A) that EBO function in the EB ring
neurons is required to prevent actin accumulation and subse-
quently inhibition of the dMRTF-dSRF transcriptional regu-
lator. This study therefore presents a novel role of the SRF
complex in an adult nervous system. As the visual orientation
memory of the fly represents a type of working memory that
has to be updated in less than a second, some of the SRF
target genes might be different from those involved in verte-
brate LTP and LTD formation [43, 44].
Discussion
In vertebrates, more than 200 putative target genes of SRF
have been postulated, most of them involved in cytoskeleton
dynamics and cell motility, but immediate early genes like
c-fos have also been identified [18]. Unfortunately, down-
stream targets of Drosophila dSRF in neuronal cells are yet
unknown, complicating the identification of further gene pro-
ducts that are involved in development of the EB and a func-
tional visual orientation memory in adult flies. Based on ourresults, we like to hypothesize that the effect of EBO on the
transcriptional activity of the dMRTF/dSRF complex is respon-
sible for both the developmental and behavioral phenotype.
Although transheterozygous mutants for hypomorphic bs
alleles displayed no structural EB defect and the morpholog-
ical defects of homozygousMrtfD7mutants are less prominent
than those of ebo mutants, it nevertheless is possible that
dMRTF/dSRF-mediated gene regulation is also required in
EB development. For instance, in vertebrates, transcription
of profilin, an F-actin promoting factor, is activated by SRF
[48], and the structural ebo phenotype could indicate that
dSFR is also promoting transcription of the profilin encoding
gene chickadee in Drosophila. Alternatively, nuclear actin in
the ebo mutant could sequester profilin in the nucleus, thus
reducing levels at the growth cone required in axonal
outgrowth.
However, it is obvious that a memory that lasts only a few
seconds cannot depend on changes in transcriptional regula-
tion. The rescue experiments described here have established
that EBO and dSRF can restore memory function of the
respective mutant independent of the specific ring-neuron
subtype. This is surprising, considering the biochemical activ-
ity of EBO and dSRF, which are definitively cell autonomous.
Therefore, we propose that dSRF promotes gene expression
that ultimately results in the production of a diffusible factor
that has to be delivered to the ring neurons. Presumably, this
factor feeds into pathways that enable rapid changes in synap-
tic transmission of the ring neurons necessary to encode an
orientation memory. For instance, ring neurons might need a
higher density of synaptic release sites, a highly efficient
synaptic vesicle reserve pool, or elevated expression of ion
channels for prolonged excitation. Similarly, a high density of
dendritic neurotransmitter receptors and elevated levels of
Figure 6. Genetic Interaction of ebo and Mrtf
Mutants Reveal the Actin Function in Visual
Orientation Memory
(A) Behavioral analysis of heterozygous and
homozygous MrtfD7 mutants and double-hetero-
zygous ebo; Mrtf flies in the detour paradigm. In
comparison to the wild-type (indicated above
the box blots), only the double-heterozygous flies
show a significant difference in orientation
memory. All other groups displayed an orienta-
tion memory that was different from chance
levels (indicated below; two-tailed Kruskal-Wallis
test; N = 14–16). Boxes denote 25% and 75%
quartiles, and whiskers express 5% and 95%
quantiles. n.s., not significant; **p < 0.01.
(B) Frontal paraffin sections of the EB revealed a
ventral indentation in the neuropil of homozygous
MrtfD7 mutants. All other genotypes displayed a
wild-type like EB structure (N = 14). The scale
bar represents 10mm.
See also Table S1.
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ring neurons could be necessary to exert their specific function
in working memory formation and/or retrieval. Finding the
dSRF target genes that mediate the orientation memory in flies
might lead to new insights how working memories are orches-
trated in general.
Experimental Procedures
Flies
All experimental flies were raised and kept on standard fly food under
constant light-dark cycles (light from 7 a.m. to 11 p.m.) at 25C and 60%
relative humidity. All fly lines were obtained from the Bloomington Stock
Center except that ebo678, eboKS263 mutants, and wild-type strains Berlin,
Canton-CS, and Oregon-R were obtained from theM. Heisenberg fly collec-
tion (University Wu¨rzburg). Additional stocks were kindly provided by
following colleagues: T. Preat (cibP [25]); G. Miesenbo¨ck (Or83b-GAL4 and
GAD1-GAL4 [30]), V. Hartenstein (EB1-GAL4 [49]), J. Simpson (ftz-ng-
GAL4 [50] and a19-GAL4 [34]), P. Rørth (MrtfD7/TM3 [47]), Z. Han (Mrtfko
/TM6 [46]), and M. Affolder (UAS-bs [46]).
Behavioral Analysis
For a detailed description of the detour paradigm, see Neuser et al. [13]. In
brief, 3- to 5-day-old flies, with their wings cut, were confronted with two
opposing, inaccessible black stripes in an LED-illuminated circular arena.
Whenever a fly was heading toward one stripe and crossed a virtual midline
of the platform, the stripe disappeared. Simultaneously, a distracter stripe
was displayed on one side of the fly. This lured the fly out of its original
path and it targeted the distracter stripe. The distracter disappeared 1 s
later, and the fly still remembered the position of the original stripe and
turned to resume walking to the original target (positive choice). Ten
approaches were evaluated per animal. The strain Canton-S served as
wild-type control in all experiments, except where indicated. See Table S1
for all the statistical analyses.
Histology
Paraffin sections for autofluorescence microscopy and for immunohisto-
chemistry were prepared as described [6] using a rabbit anti-GFP serum
(Invitrogen) at a dilution of 1:200 and the Vectastain ABC Elite Kit. All
micrographs shown were taken from 7 mm frontal sections with the dorsal
part of the brain up. Whole mounts of adult brains were processed as
described [51], incubated with anti-GFP (1:200) for 72 hr, and labeled
with anti-rabbit Alexa Fluor 488 (Invitrogen; 1:2000). Whole-mount prepa-
rations of larval salivary glands or adult brains expressing ACT::GFP were
dissected in cold PBS and fixed for 15 and 60 min in 4% paraformalde-
hyde/PBS on ice, respectively. The preparations were washed two times
for 5 min in PBS and four times for 10 min in PBS/0.3% Trition-X100.
The specimens were mounted in Mount FluorCare DAPI (Roth) for conven-
tional fluorescence (Zeiss Axioplan) or confocal microscopy using a Leica
SP5 microscope and LAS AF Lite software.Molecular Biological Methods
For establishment of UAS-ebo transgenic lines, a full-length cDNA clone
(SD03282; Berkeley Drosophila Genome Project) was double digested
with EcoR1/Eag1 and inserted into the pUAST transformation vector [26].
Injection into preblastula embryos of the w1118 strain followed conventional
protocols (BestGene). For most experiments, one X-chromosomal copy of
the transgene was recombined onto a ebo678 chromosome to create the
ebo678 UAS-ebo line.
Supplemental Information
Supplemental Information includes three figures and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2013.07.034.
Acknowledgments
We would like to thank all colleagues who provided reagents that aided in
this study, particularly M. Heisenberg for his ebomutant lines and D. Go¨rlich
for the anti-Exp6 serum. Special thanks to D. Kretzschmar (OHSU Portland)
for critical comments on the manuscript and to G. Technau and the
members of the Institute of Genetics (Universita¨t Mainz) for the support in
confocal microscopy. This work was funded by the German Science Foun-
dation (DFG, STR590/2-4) and by EU ICT EMICAB grant number 270182.
Received: March 7, 2013
Revised: June 10, 2013
Accepted: July 9, 2013
Published: September 5, 2013
References
1. Hanesch, U., Fischbach, K.F., and Heisenberg, M. (1989). Neuronal
architecture of the central complex in Drosophila melanogaster. Cell
Tissue Res. 257, 343–366.
2. Ilius, M., Wolf, R., and Heisenberg, M. (1994). The central complex of
Drosophila melanogaster is involved in flight control: studies on
mutants and mosaics of the gene ellipsoid body open. J. Neurogenet.
9, 189–206.
3. Strauss, R., and Heisenberg, M. (1993). A higher control center of
locomotor behavior in the Drosophila brain. J. Neurosci. 13, 1852–1861.
4. Strauss, R. (2002). The central complex and the genetic dissection of
locomotor behaviour. Curr. Opin. Neurobiol. 12, 633–638.
5. Homberg, U., Heinze, S., Pfeiffer, K., Kinoshita, M., and el Jundi, B.
(2011). Central neural coding of sky polarization in insects. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 366, 680–687.
6. Poeck, B., Triphan, T., Neuser, K., and Strauss, R. (2008). Locomotor
control by the central complex in Drosophila-An analysis of the tay
bridge mutant. Dev. Neurobiol. 68, 1046–1058.
7. Triphan, T., Poeck, B., Neuser, K., and Strauss, R. (2010). Visual target-
ing of motor actions in climbing Drosophila. Curr. Biol. 20, 663–668.
Loss of EBO Suppresses Working Memory via dSRF
17638. Liu, G., Seiler, H., Wen, A., Zars, T., Ito, K., Wolf, R., Heisenberg, M., and
Liu, L. (2006). Distinct memory traces for two visual features in the
Drosophila brain. Nature 439, 551–556.
9. Wang, Z., Pan, Y., Li, W., Jiang, H., Chatzimanolis, L., Chang, J., Gong,
Z., and Liu, L. (2008). Visual pattern memory requires foraging function
in the central complex of Drosophila. Learn. Mem. 15, 133–142.
10. Pan, Y., Zhou, Y., Guo, C., Gong, H., Gong, Z., and Liu, L. (2009).
Differential roles of the fan-shaped body and the ellipsoid body in
Drosophila visual pattern memory. Learn. Mem. 16, 289–295.
11. Foucaud, J., Burns, J.G., and Mery, F. (2010). Use of spatial information
and search strategies in a water maze analog in Drosophila mela-
nogaster. PLoS ONE 5, e15231.
12. Ofstad, T.A., Zuker, C.S., and Reiser, M.B. (2011). Visual place learning
in Drosophila melanogaster. Nature 474, 204–207.
13. Neuser, K., Triphan, T., Mronz, M., Poeck, B., and Strauss, R. (2008).
Analysis of a spatial orientation memory in Drosophila. Nature 453,
1244–1247.
14. Kuntz, S., Poeck, B., Sokolowski, M.B., and Strauss, R. (2012). The
visual orientation memory of Drosophila requires Foraging (PKG)
upstream of Ignorant (RSK2) in ring neurons of the central complex.
Learn. Mem. 19, 337–340.
15. Stu¨ven, T., Hartmann, E., and Go¨rlich, D. (2003). Exportin 6: a novel
nuclear export receptor that is specific for profilin.actin complexes.
EMBO J. 22, 5928–5940.
16. Dopie, J., Skarp, K.P., Rajakyla¨, E.K., Tanhuanpa¨a¨, K., and Vartiainen,
M.K. (2012). Active maintenance of nuclear actin by importin 9 supports
transcription. Proc. Natl. Acad. Sci. USA 109, E544–E552.
17. Vartiainen, M.K., Guettler, S., Larijani, B., and Treisman, R. (2007).
Nuclear actin regulates dynamic subcellular localization and activity of
the SRF cofactor MAL. Science 316, 1749–1752.
18. Olson, E.N., and Nordheim, A. (2010). Linking actin dynamics and gene
transcription to drive cellular motile functions. Nat. Rev. Mol. Cell Biol.
11, 353–365.
19. McQuilton, P., St Pierre, S.E., and Thurmond, J.; FlyBase Consortium.
(2012). FlyBase 101—the basics of navigating FlyBase. Nucleic Acids
Res. 40(Database issue), D706–D714.
20. Castano, E., Philimonenko, V.V., Kahle, M., Fukalova´, J., Kalendova´, A.,
Yildirim, S., Dzijak, R., Dingova´-Kra´sna, H., and Hoza´k, P. (2010). Actin
complexes in the cell nucleus: new stones in an old field. Histochem.
Cell Biol. 133, 607–626.
21. Verkhusha, V.V., Tsukita, S., and Oda, H. (1999). Actin dynamics in la-
mellipodia of migrating border cells in the Drosophila ovary revealed
by a GFP-actin fusion protein. FEBS Lett. 445, 395–401.
22. Gerlitz, O., Nellen, D., Ottiger, M., and Basler, K. (2002). A screen for
genes expressed in Drosophila imaginal discs. Int. J. Dev. Biol. 46,
173–176.
23. Percipalle, P., Zhao, J., Pope, B.,Weeds, A., Lindberg, U., and Daneholt,
B. (2001). Actin bound to the heterogeneous nuclear ribonucleoprotein
hrp36 is associated with Balbiani ring mRNA from the gene to poly-
somes. J. Cell Biol. 153, 229–236.
24. Dent, E.W., Gupton, S.L., andGertler, F.B. (2011). The growth cone cyto-
skeleton in axon outgrowth and guidance. Cold Spring Harb. Perspect.
Biol. 3, a001800.
25. Boquet, I., Boujemaa, R., Carlier, M.F., and Pre´at, T. (2000). Ciboulot
regulates actin assembly during Drosophila brain metamorphosis. Cell
102, 797–808.
26. Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as a
means of altering cell fates and generating dominant phenotypes.
Development 118, 401–415.
27. Renn, S.C., Armstrong, J.D., Yang, M., Wang, Z., An, X., Kaiser, K., and
Taghert, P.H. (1999). Genetic analysis of the Drosophila ellipsoid body
neuropil: organization and development of the central complex.
J. Neurobiol. 41, 189–207.
28. Yang, M.Y., Wang, Z., MacPherson, M., Dow, J.A., and Kaiser, K. (2000).
A novel Drosophila alkaline phosphatase specific to the ellipsoid body
of the adult brain and the lower Malpighian (renal) tubule. Genetics
154, 285–297.
29. Larsson, M.C., Domingos, A.I., Jones, W.D., Chiappe, M.E., Amrein, H.,
and Vosshall, L.B. (2004). Or83b encodes a broadly expressed odorant
receptor essential for Drosophila olfaction. Neuron 43, 703–714.
30. Ng, M., Roorda, R.D., Lima, S.Q., Zemelman, B.V., Morcillo, P., and
Miesenbo¨ck, G. (2002). Transmission of olfactory information between
three populations of neurons in the antennal lobe of the fly. Neuron
36, 463–474.31. Aso, Y., Gru¨bel, K., Busch, S., Friedrich, A.B., Siwanowicz, I., and
Tanimoto, H. (2009). Themushroom body of adultDrosophila character-
ized by GAL4 drivers. J. Neurogenet. 23, 156–172.
32. Young, J.M., and Armstrong, J.D. (2010). Structure of the adult central
complex in Drosophila: organization of distinct neuronal subsets.
J. Comp. Neurol. 518, 1500–1524.
33. Spindler, S.R., and Hartenstein, V. (2010). The Drosophila neural
lineages: a model system to study brain development and circuitry.
Dev. Genes Evol. 220, 1–10.
34. Pereanu, W., Younossi-Hartenstein, A., Lovick, J., Spindler, S., and
Hartenstein, V. (2011). Lineage-based analysis of the development of
the central complex of the Drosophila brain. J. Comp. Neurol. 519,
661–689.
35. McGuire, S.E., Le, P.T., Osborn, A.J., Matsumoto, K., and Davis, R.L.
(2003). Spatiotemporal rescue of memory dysfunction in Drosophila.
Science 302, 1765–1768.
36. Kahsai, L., and Winther, A.M. (2011). Chemical neuroanatomy of the
Drosophila central complex: distribution of multiple neuropeptides in
relation to neurotransmitters. J. Comp. Neurol. 519, 290–315.
37. Wu, C.L., Xia, S., Fu, T.F., Wang, H., Chen, Y.H., Leong, D., Chiang, A.S.,
and Tully, T. (2007). Specific requirement of NMDA receptors for long-
term memory consolidation in Drosophila ellipsoid body. Nat.
Neurosci. 10, 1578–1586.
38. Kahsai, L., Carlsson, M.A., Winther, A.M., and Na¨ssel, D.R. (2012).
Distribution of metabotropic receptors of serotonin, dopamine, GABA,
glutamate, and short neuropeptide F in the central complex of
Drosophila. Neuroscience 208, 11–26.
39. Zhang, Z., Li, X., Guo, J., Li, Y., and Guo, A. (2013). Two clusters of
GABAergic ellipsoid body neurons modulate olfactory labile memory
in Drosophila. J. Neurosci. 33, 5175–5181.
40. Salvaterra, P.M., and Kitamoto, T. (2001). Drosophila cholinergic neu-
rons and processes visualized with Gal4/UAS-GFP. Brain Res. Gene
Expr. Patterns 1, 73–82.
41. Enell, L., Hamasaka, Y., Kolodziejczyk, A., and Na¨ssel, D.R. (2007).
gamma-Aminobutyric acid (GABA) signaling components in
Drosophila: immunocytochemical localization of GABA(B) receptors in
relation to the GABA(A) receptor subunit RDL and a vesicular GABA
transporter. J. Comp. Neurol. 505, 18–31.
42. Kno¨ll, B. (2010). Actin-mediated gene expression in neurons: the
MRTF-SRF connection. Biol. Chem. 391, 591–597.
43. Ramanan, N., Shen, Y., Sarsfield, S., Lemberger, T., Schu¨tz, G., Linden,
D.J., and Ginty, D.D. (2005). SRF mediates activity-induced gene
expression and synaptic plasticity but not neuronal viability. Nat.
Neurosci. 8, 759–767.
44. Etkin, A., Alarco´n, J.M., Weisberg, S.P., Touzani, K., Huang, Y.Y.,
Nordheim, A., and Kandel, E.R. (2006). A role in learning for SRF:
deletion in the adult forebrain disrupts LTD and the formation of an
immediate memory of a novel context. Neuron 50, 127–143.
45. Donlea, J.M., Ramanan, N., and Shaw, P.J. (2009). Use-dependent plas-
ticity in clock neurons regulates sleep need in Drosophila. Science 324,
105–108.
46. Han, Z., Li, X., Wu, J., and Olson, E.N. (2004). A myocardin-related
transcription factor regulates activity of serum response factor in
Drosophila. Proc. Natl. Acad. Sci. USA 101, 12567–12572.
47. Somogyi, K., and Rørth, P. (2004). Evidence for tension-based regula-
tion of Drosophila MAL and SRF during invasive cell migration. Dev.
Cell 7, 85–93.
48. Pipes, G.C., Creemers, E.E., and Olson, E.N. (2006). The myocardin
family of transcriptional coactivators: versatile regulators of cell growth,
migration, and myogenesis. Genes Dev. 20, 1545–1556.
49. Wang, J., Zugates, C.T., Liang, I.H., Lee, C.H., and Lee, T. (2002).
Drosophila Dscam is required for divergent segregation of sister
branches and suppresses ectopic bifurcation of axons. Neuron 33,
559–571.
50. Lin, D.M., and Goodman, C.S. (1994). Ectopic and increased expression
of Fasciclin II alters motoneuron growth cone guidance. Neuron 13,
507–523.
51. Thum, A.S., Knapek, S., Rister, J., Dierichs-Schmitt, E., Heisenberg, M.,
and Tanimoto, H. (2006). Differential potencies of effector genes in adult
Drosophila. J. Comp. Neurol. 498, 194–203.
